Abstract. 2014 To clarify the mechanism caused by multi-layer effect, the ultra-HVEM at 2MeV is powerful because it has an excellent penetration power for specimens. By thinning the Si-substrate of LSI devices, we can carry out in-situ observations of phenomena arising in the process layers; in particular, we can observe the specimens without removing the passivation layers that strongly affect the generation of these phenomena. We show how the orientation of Al-lines depends on the step of process and how it relates to the incidence of stressmigration voids. From in-situ observation of electromigration in Al-lines with bamboo structure, it is seen that the main route of electromigration is the interface between the line and the passivation layer, and the migration is enhanced when a small gap exits in the interface.
Although many multi-layer devices represented by large scale integrated (LSI) devices are produced in the industrial world, there are many phenomena whose mechanisms are not clear yet. The mechanisms in multi-layers are thought to be quite different from those in a single layer, because stress, diffusion, reaction, and potential gradient are generated between layers. So, the mechanisms induced by the multi-layer effect are complicated. As the line width of LSI circuits becomes less than one micron meter, this effect causes serious problems such as the reduction of reliability due to stressmigration or electromigration; the line is broken because of the migration of constituent atoms, which occurs due to the stress from the passivation layer or the collision of electron flow.
On the other hand, the ultra-High Voltage Electron Microscope (HVEM) in Osaka University has an excellent penetration power (Fujita et al., 1972) and observable thickness at 2 MeV corresponds to the thickness of total process layers of LSI devices. When the Si-substrate is thinned down, we can observe the projection image of its device layers. The Experimentally, it has been shown already (Fujita et al., 1972 ) that the maximum observable thickness at 2MeV is more than ten times larger than that of a 100keV TEM and is several 03BCm for light atoms such as Si, 0, Al, etc. This thickness is comparable to that of processed layers. In the operating conditions of LSI devices, the main factors acting on the layers are temperature, stress and applied current. The atoms in the layer will migrate due to these factors and this may worsen the characteristics of LSI elements, for instance, causing the disconnection of a line in LSI devices. Therefore, it is important to determine these factors by in-situ experiments. We try to measure these local factors; the local temperature is measured by the change of electron transmissivity due to the thermal diffuse scattering (Takaoka et al., 1990) , the local stress is roughly estimated from the local strain of crystal plane measured by the width between the bend contours, and the local current density is determined from the applied current.
3. Observation in Al-lines.
3.1 HISTOGRAMS OF GRAIN ORIENTATION -Individual orientation of grains in Al-lines can be measured by selected area diffraction with the ultra-HVEM, even if the lines are covered with a thin amorphous layer. The orientation of grains can be also measured by X-ray diffraction and by surface channeling effect with ions or electrons. In the former case, however, we get information only on the averaged orientation of grains in a wide area, and the latter method cannot be applied if the amorphous layer is covered. Figure 1 shows how the orientation of Al-grains depends on the manufacturing process of LSI devices. Four There is a remarkable difference between both histograms; that is, the incidence of voids is low for the grains whose index is 11111 -The voids tend to generate in the grains whose index is high. This result agrees with the empirical fact that the grains oriented near {111} are tough for the migrations, and in the manufacturing process, the researchers try to realize highly-oriented lines (Wilson et al., 1991). Electromigration is thought to occur preferentially along the grain boundaries because of a lower activation energy. However, when the line is so called bamboo structure, there is no grain Fig. 3. -Cross-section of tested Al-line with passivation layer and the top view of Al-lines by an optical microscope. The current for in-situ experiment of electromigration is supplied from the pads in both sides. boundary contributing to electromigration. In such cases, the main mechanism of electromigraiton has not been understood yet, especially when the surface is tightened by a passivation layer.
IN-SITU OBSERVATION OF ELECTROMIGRATION
Let us show the typical micrographs of in-situ observation of electromigration. Figure 4 shows the generation of voids and the change of grain shape in ari Al-line. When the current density is 4.1 MA/cm2, 240 min after the beginning of the step-stress test, a void appears as expected at the triple junction of grains shown with an arrow in (a). Regardless of the cover by'passivation layer, the voids tend to generate in such types of triple junctions where atoms flow in through one boundary and flow out through two ones. Then, some voids generate at the interface between the Al-line and the passivation layer as shown in (b). We suppose that the dominant pass of migration is along the interface in the case of Al-lines with bamboo structure. After the void generation by electromigration, the shape of grains and the position of grain boundary change gradually. This is shown in (c) and (d). Figure 5 suggests that the migration depends on the tightness of the interface between the line and the passivation. This sample has a small gap at the interface shown with an arrow in (a) before supplying current. When the current density is increased up to about 3.1 MA/cm2, a value of which is considerably less than in the case of figure 4 , the void generates in interface as shown in (b). Furthermore, we can see a slit-like void generated inside the grain. Such a void growth with current flow is shown in (b) -(e). Figure 6 shows the movement of voids; (a) is the micrograph after 124 min from the beginning of the step-stress test, where the current density is 4.1 MA/cm2, and (g) is just after the disconnection at 132 min. As the position of the grain boundary is not clear in this micrograph, the boundaries are underlined by broken lines. Furthermore, there exists a grain boundary at the position between two arrows in (a) before the current is applied. The grain marked A is scarcely changed during observation. In (b), a slit-like-void generated in the inside of the grain and then this slit changed into a grain boundary. From (a) to (e), it is seen that voids move to the up-stream for electron flow. This coincides to the fact that Al-atoms migrate to the down-stream due to the momentum of electron collision. Just before the disconnection, the current density concentrates to the narrow position in (f), and the line at that point melted and broke down as shown in (g).
In this experiment, a considerable raise of temperature is estimated from the decrease of intensity and the blur of Al-line image (Takaoka, 1990 We showed some examples of the perpendicular observation of the process layers of LSI devices, Al-lines under passivation layers. It is seen that the ultra-HVEM is valuable to carry out the investigation of multi-layer devices or to observe Al-lines in-situ under applied stress, current and temperature.
The individual grains in Al-lines change their crystallographic orientations during the manufacturing processes and the orientation parallel to {111} in as-deposited Al-layer is released after deposition of passivation layers. From the in-situ observation of electromigration in Al-lines with bamboo structure, we guess that migration occurs mainly along the interface between the Al-line and the passivation layer. Sometimes Al-atoms are however observed to migrate in the bulk, accompanying the movement of slit-like voids in the grain. 
